The catalytic properties of coenzyme B12-dependent glycerol dehydratase and diol dehydratase were studied in situ with Klebsiella pneumoniae cells permeabilized by toluene treatment, since the in situ enzymes approximate the in vivo conditions of the enzymes more closely than enzymes in cell-free extracts or cell homogenates. Both dehydratases in situ underwent rapid "suicidal" inactivation by glycerol during catalysis, as they do in vitro. The inactivated dehydratases in situ, however, were rapidly and continually reactivated by adenosine 5'-triphosphate (ATP) and Mn'2 in the presence of free adenosylcobalamin, although in cell-free extracts or in cell homogenates they could not be reactivated at all under the same reaction conditions. ATP was partially replaced by cytidine 5'-triphosphate or guanosine 5'-triphosphate but not by the 8,-y-methylene analog of ATP in the in situ reactivation. Mn'2 was fully replaced by Mg>+ but only partially by Co02. Hydroxocobalamin could not replace adenosylcobalamin in reactivation mixtures. The ability to reactivate the glycerol-inactivated dehydratases in situ was only seen in cells grown anaerobically in glycerol-containing media. This suggests that some factor(s) required for in situ reactivation is subject to induction by glycerol. Of the two possible mechanisms of in situ reactivation, i.e., the regeneration of adenosylcobalamin by Co-adenosylation of the bound inactivated coenzyme moiety (B12-adenosylation mechanism) and the displacement of the bound inactivated coenzyme moiety by free adenosyl-cobalamin (B12-exchange mechanism), the former seems very unlikely from the experimental results.
Glycerol dehydratase (glycerol hydro-lyase, EC 4.2.1.30) and diol dehydratase (1,2-propanediol hydro-lyase, EC 4.2.1.28) are immunologically different but isofunctional enzymes which catalyze the coenzyme B12 (adenosylcobalamin)-dependent conversion of glycerol, 1,2-propanediol, and 1,2-ethanediol to /8-hydroxypropionaldehyde, propionaldehyde, and acetaldehyde, respectively (2, 8, 11, 15, 17, 22) . These two dehydratases are the isozymes in several strains of Klebsiella pneumoniae and other members of the Enterobacteriaceae that are induced specifically by the growth substrate (glycerol dehydratase by glycerol and diol dehydratase by 1,2-propanediol or 1,2-ethanediol) (18, 21) , although it has recently been reported that not only the glycerol enzyme but also a small amount of the diol enzyme are produced by these bacteria in a complex glycerol medium (6, 21) . The physiological role of diol dehydratase is to catalyze the first step in the fermentation of 1,2-propanediol and 1,2-ethanediol, i.e., the conversion of 1,2-diols to the corresponding deoxyaldehydes which undergo subsequent dismutation to acids and alcohols with formation of ATP (19) . The metabolic role of glycerol dehydratase may be to produce an electron acceptor (/8-hydroxypropionaldehyde) from glycerol, which would permit the bacteria to grow anaerobically even without external electron acceptors (1, 21) . This aldehyde is reduced by NADH to 1,3-propanediol, which accumulates in the culture broth (1, 21) . The reoxidation of NADH to NAD must be obligatory for the energy-producing oxidation of glycerol and, thus, for the fermentation of glycerol. The diol enzyme is able to replace the glycerol enzyme in this function in K. pneumoniae ATCC 8724 (formerly Aerobacter aerogenes), which lacks glycerol dehydratase. This bacterium can ferment glycerol, since this strain still produces a certain, although low, level of diol dehydratase in a complex glycerol medium (6, 20) . Thus, glycerol is an important physiological substrate not only for glycerol dehydratase but also for diol dehydratase.
Recent studies in this and other laboratories, however, indicated that both of these enzymes undergo rapid "suicidal" inactivation by glycerol during catalysis (2, 13, 16, 18, 22) . This phenom-REACTIVATION OF BA 2-DEPENDENT DEHYDRATASES enon seems surprising and apparently inconsistent with the idea that these enzymes are important for glycerol fermentation. Does the inactivation by glycerol occur in vivo as well as in vitro? To approach this problem, toluenetreated cells (the so-called in situ system [14] ) were used to simulate the in vivo conditions of these dehydratases. Toluene treatment is known to destroy the permeability barrier of normal cells toward substrates and coenzymes without total destruction of the cell and, thus, to be useful for studies of the behavior and regulation of intracellular enzymes (7, 14, 26, 27) .
In the present paper, we report the behavior of glycerol and diol dehydratases in permeabilized cells (in situ) of K. pneumoniae ATCC 25955 (formerly A. aerogenes PZH572, Warsaw) and ATCC 8724. Special emphasis is placed on the in situ reactivation of the glycerol-inactivated dehydratases by free adenosylcobalamin, ATP, and Mn2+. Some mechanistic features of the reactivation are also discussed.
MATERIALS AND METHODS Chemicals. Crystalline adenosylcobalamin was a gift from Kyowa Hakko Kogyo Co., Ltd., T'okyo, ,Japan. All other chemicals were reagent-grade commercial products.
Bacteria and growth. Toluene-treated cells of glycerol-grown K. pneumoniae ATCC 25955 and glycerol-1,2-propanediol-grown K. pneumoniae ATCC 8724 were used as the in situ glycerol dehydratase and diol dehvdratase, respectively (18, 20) . The bacteria were grown statically (without aeration) at 30 or 37°C in a complex medium containing 5.4 g of KH2PO4, 1.2 g of (NH4)2SO4, 0.4 g of MgSO4.7H20, 2.0 g of yeast extract, 2.0 g of tryptone, and 9.2 g of glycerol (glycerol medium) or 9.2 g of glycerol plus 5.7 g of 1,2-propanediol (glycerol-1,2-propanediol medium) in 1 liter of tap water (18, 20, 21 (18, 24) , using glycerol or 1,2-propanediol as the substrate. The ratio of glycerol-dehydrating activity to 1,2-propanediol-dehydrating activity was measured by duplicate 1 -min assays (18, 20) , since both dehydratases are rapidly inactivated by glycerol during catalysis.
Assay of in situ glycerol and diol dehydratases. The activities of the in situ dehydratases were determined by essentially the same procedure (3-methyl-2-benzothiazolinone hydrazone method) as that described above. The usual reaction mixture contained a substrate (0.2 M glycerol or 1,2-propanediol), 0.5 M KCI, 0.03 M potassium phosphate buffer (pH 8.0), 15 tM adenosylcobalamin, and an appropriate amount of the toluene-treated cells, in a total volume of 1.0 ml. In some experiments, ATP and MnCl2 were also added to the reaction mixture, each at a final concentration of 3 mM, for in situ reactivation of the inactivated enzymes. In the 10-min assay with added ATP and MnCI,, the amount of toluene-treated cells to be assayed was kept at 0.01 to 0.02 mg of dry cells in one test tube.
Electron microscopy. Normal cells in late exponential growth phase and toluene-treated cells of K. pneumoniae ATCC 25955 were washed with 0.05 M potassium phosphate buffer (pH 7.5). The cells were then fixed with 5'. glutaraldehyde in the same buffer for 4 h, washed three times with the same buffer, and postfixed with 1.5'i potassium permanganate for 16 h. After the fixation, cells were stained with 1.5% uranyl acetate for 90 min, dehydrated with an acetone series, and embedded in a mixture of butyl and methyl methacrylate (7:3). Sections were made by a Reichert OmU3 ultramicrotome and stained with uranyl acetate, followed by the modified lead citrate procedure. Specimens were viewed on a JEM-100B electron microscope operated at 80 kV.
RESULTS
Electron microscopy. Figure 1 shows the electron micrographs of normal and toluenetreated cells of K. pneumoniae ATCC 25955. No appreciable difference in surface structures between these cells can be seen ( Fig. LA and C) . This indicates clearly that treatment with 1% toluene did not cause total destruction of the cell. The thin section of a toluene-treated cell looks a little different from that of normal cell ( Fig. lB and D) . The outer membrane of the toluene-treated cells seems to be separated from the cytoplasmic membrane in some places. This may be due to the release of some components from the periplasmic area or shrinkage of the hydratase" " Ratio of glycerol-dehydrating activity to 1,2-propanedioldehydrating activity measured by 1-min assays (18, 20) .
h Determined with the crude extract of K. pneumoniae ATCC 25955 cells grown on glycerol.
' Data from Toraya and Fukui (18) . " Data from Toraya et al. (22) , determined with purified diol dehydratase of K. pneumoniae ATCC 8724.
from the toluene-treated cells upon repeated washing was negligible (<0.2%). This evidence indicates that toluene treatment destroyed the permeability barrier of the K. pneumoniae cell toward external substances without total destruction of the cell. Therefore, the toluenetreated cells were used as the in situ enzymes in the following experiments for simulating the in vivo conditions of these dehydratases. Figure 2 demonstrates that the dehydration of glycerol by the toluene-treated K. pneumoniae ATCC 25955 cells (in situ glycerol dehydratase) with added adenosylcobalamin was accompanied by concomitant inactivation and ceased almost completely with 3 min, as did that by the in vitro enzyme. When 1,2-propanediol was used as the substrate, the reaction rate was almost linear within about 20 min. The same results were also obtained with the toluene-treated K. pneumoniae ATCC 8724 cells (in situ diol dehydratase; data not shown). Thus, it is evident that both glycerol dehydratase and diol dehydratase, even in situ, underwent suicidal inactivation by glycerol, a physiological substrate, during catalysis, as they did in vitro.
In situ reactivation of glycerol-inactivated glycerol and diol dehydratases. By using toluene-treated cells, we examined whether the dehydratases are prevented in situ from inactivation by glycerol. No apparent inactivation was seen in the dehydration of glycerol by the in situ glycerol dehydratase when ATP and MnCl, were added to the normal reaction mixture (containing free adenosylcobalamin) at the beginning of the reaction (optimal concentration, 3 mM each) (Fig. 2A) . The prod- aldehyde by thin-layer chromatography of its 2,4-dinitrophenylhydrazone derivative on silica gel plates (data not shown). Furthermore, when ATP and MnCl, were added to the mixture at 10 min after the reaction was initiated by the addition of adenosylcobalamin (at which time essentially all the glycerol dehydratase present in the reaction mixture had been inactivated by glycerol), rapid reactivation of the system was observed. This result indicates that the function of ATP and MnCl> is not to protect the enzyme against inactivation but to reactivate the already inactivated enzyme in situ. The apparent linearity of the rate of the glycerol dehydration reaction with the toluene-treated cells must be due to the continual reactivation of the inactivated glycerol dehydratase in situ. Such reactivation also occurred with the glycerol-inactivated diol dehydratase in situ in the presence of adenosylcobalamin, ATP, and MnCl2 (data not shown). In contrast, the reactivation of the enzymes by ATP and MnCl2 in the presence of adenosylcobalamin was not found to occur at all in vitro with the cell-free extracts or the cell homogenates under the same conditions. The presence of chloramphenicol (100 tig/ml) did not affect the in situ reactivation of the glycerol-inactivated glycerol dehydratase by adenosylcobalamin, ATP, and MnCl2 (data not shown). This ruled out the possibility that the reactivation is brought about by the de novo synthesis of glycerol dehydratase or other proteins with added ATP and MnCl,.
K+, but not Na+, was absolutely required even for the dehydration of glycerol by the in situ glycerol dehydratase in the presence of adenosylcobalamin, ATP, and MnCl2.
Cofactor requirements in the in situ reactivation of the glycerol-inactivated dehydratases. Table 2 shows that the free adenosylcobalamin was absolutely necessary for the in situ reactivation of the glycerol-inactivated glycerol dehydratase by ATP and MnCl2. Hydroxocobalamin could not replace adenosylcobalamin, indicating that adenosylcobalamin was not synthesized from hydroxocobalamin, ATP, and Mn 2 in the toluene-treated cells. Neither ATP nor MnCl., alone was effective for the in situ reactivation in the presence of adenosylcobalamin. Reducing agents, such as NAD(P)H and reduced glutathione, which are required for the adenosylation of cobalamins, were not necessary for this reactivation. From these data, it is very unlikely that adenosylation of cobalamin is involved in the in situ reactivation process.
CTP and GTP were able to replace ATP partially in the in situ reactivation of the glycerol-inactivated glycerol dehydratase ( probably due to the formation of ATP from ADP by adenylate kinase in the cell. The 8,,ymethylene analog of ATP (an analog whose oxygen atom of the 8,y-phosphate ester bridge is replaced by a methylene group), AMP, cyclic 3',5'-AMP, and 5'-deoxyadenosine were not effective. This suggests that the hydrolysis of the nucleoside triphosphates is obligatory for in situ reactivation.
Various divalent metal ions were also examined for their ability to reactivate the inactivated glycerol dehydratase in situ in combination with ATP (Table 3) . Mn2' and Mg2' were almost equally effective. Co02 was partially active, whereas Zn'2', Ca'2', Cd'2', and Cu2' showed little or no activity.
Effects of growth substrates on the ability of cells to reactivate the inactivated dehydratases in situ. It was reported by this and other laboratories that K. pneumoniae ATCC 8724 produces a single dehydratase (diol dehydratase) when grown anaerobically on 1,2-propanediol, on glycerol, or on glycerol plus 1,2- propanediol (6, 20) . As shown above, the glycerol-inactivated diol dehydratase was also reactivated in situ by ATP and Mn'2' in the presence of adenosylcobalamin. Therefore, effects of growth substrates on the reactivating activity of the cells were investigated by using this strain. The toluene-treated cells of the glycerol-grown and glycerol-1,2-propanediol-grown K. pneumoniae ATCC 8724 were able to catalyze the dehydration of glycerol at nearly the same rate in the presence of adenosylcobalamin, ATP, and Mn2+ (Fig. 3A and B) . The 1,2-propanediolgrown cells, however, could not reactivate the glycerol-inactivated diol dehydratase in situ with adenosylcobalamin, ATP, and Mn2+, although the cells showed considerably high activity of diol dehydratase when 1,2-propanediol was used as the substrate (Fig. 3C) . The same results were also obtained with K. pneumoniae ATCC 25955: marked continual reactivation during glycerol dehydration was seen in the glycerolgrown cells, but essentially none was seen in the 1,2-propanediol-grown cells (data not shown). These results suggest that some factor(s) necessary for the in situ reactivation is subject to induction by glycerol.
DISCUSSION
The data presented in this paper established that glycerol and diol dehydratases in situ as well as in vitro underwent rapid inactivation by glycerol and that the inactivated dehydratases were continually reactivated in situ by ATP and Mn2" in the presence of free adenosylcobalamin during the glycerol dehydration reaction. These enzymes are thought to participate in the fermentation of glycerol by producing an electron acceptor (,B-hydroxypropionaldehyde) from glycerol, which permits the bacteria to grow even anaerobically on glycerol without external electron acceptors (1, 21 by adenosylation of the bound B12 on the enzyme (B12-adenosylation mechanism), or (ii) the modified coenzyme moiety is displaced by the free intact coenzyme B12 (B12-exchange mechanism). The B12-adenosylation mechanism, however, seems very unlikely from the following observations: (i) in addition to ATP and divalent metal ions, free coenzyme B12 was absolutely required for in situ reactivation ( (4) . The roles of E2 and ATP in this system also remain obscure, although it was shown that the stimulatory effects of E2 and ATP on the mutase activity are not directly due to regeneration of adenosylcobalamin by the B12-adenosylating enzyme in the E2 preparation (4) . Since in general the holoenzymes of most coenzyme B12-requiring enzymes are not stable in both the presence and absence of substrates, the reactivating systems for them would be necessary and might be widely distributed among organisms.
Recently, we obtained evidence which supports the B12-exchange mechanism for the in situ reactivation of inactivated glycerol and diol dehydratases. The details will be described in a subsequent publication (in preparation).
